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ABSTRACT: Coalbed is the carrier for coalbed methane (CBM)
enrichment and migration. The pore structure characteristics of
coal and their main geological controlling factors are critical to the
exploration and development of CBM. In this paper, 20 coal
samples were collected from eastern Yunnan and western Guizhou,
China. Based on vitrinite reflectance, proximate analysis, maceral
analysis, and low-temperature N2 adsorption/desorption (LT-
N2GA) experiments, the hysteresis coefficient of low-temperature
N2 desorption was proposed, the types of pore structure were
identified, and the effects of coal facies and rank on the pore structure were revealed. The results show that the Ro,max values of the 20
coal samples are between 0.74 and 3.38%, which belong to medium- and high-rank coal. In the coal macerals, the vitrinite is mainly
collodetrinite. The inertinite is dominated by semifusinite, and some coal samples contain exinite. The coal samples investigated can
be divided into two types. Type A samples mainly contain open pores, while type B samples are rich in bottle-shaped pores.
Compared with type A coal samples, type B samples have the characteristics of smaller total pore volume (TPV), smaller average
pore diameter (APD), larger specific surface area (SSA), and larger hysteresis coefficient. The coal samples are located in three
regions of different coal facies, including low-level swamp (reed) facies, wetland herbaceous swamp facies, and wet forest swamp
facies. The tissue preservation index (TPI) values of most coal samples are less than unity, which indicates that herbaceous plants
have absolute dominance in the coal-forming plants in eastern Yunnan and western Guizhou. The maximum vitrinite reflectance
(Ro,max), gelification index (GI), TPI, vitrinite content (V), inertinite content (I), Barrett-Joyner-Halenda pore volume (VBJH),
Brunauer−Emmett−Teller SSA (SBET), and low-temperature N2 desorption total hysteresis coefficient (Ht) were clustered using the
R-type cluster analysis method. It is found that TPI is the main controlling factor of the pore structure of type A coal samples, while
the pore structure of type B coal samples are jointly controlled by TPI and coal rank. Type B coal samples are mainly located in
Zhuzang and Laochang high-rank coal research areas, while the distribution of type A coal samples is mainly in other medium−high-
rank coal research areas. These results will contribute to the exploration and development of CBM and also guide the study of pore
structures of other unconventional gas reservoirs.
1. INTRODUCTION
Coal is a complex porous organic medium, which provides
abundant pore space for the storage and migration of coalbed
methane (CBM). Therefore, the study of the pore structure of
coal has practical significance for discovering the rules of CBM
accumulation and migration. The pore structure characteristics
of coal include pore type, total pore volume (TPV), specific
surface area (SSA), pore size distribution (PSD), connectivity,
and complexity.1,2 There are many factors that affect the pore
structure of coal, including coal rank, coal maceral, coal
structure, mineral content, and coal facies.1−5 Coal rank and
coal facies are the two main factors controlling the evolution of
the coal pore structure.6,7
Eastern Yunnan and western Guizhou have themajor coal and
CBM resources in southern China and are also one of the key
blocks for CBM exploration and development in China.8−12
Accumulated evidence has verified that the pore structure is
controlled by the coal rank in this area.3,13,14 However, there are
few studies on the combined influence of coal facies and coal
rank on the pore structure, which means the control mechanism
of the pore structure in a coal reservoir is still elusive. Coal facies
refers to the original genetic type of coal, which is an important
index to study coal-forming conditions, coal-forming process,
and coal-forming original materials. Presently, gelification index
(GI), tissue preservation index (TPI),15 groundwater influence
index (GWI), vegetation index (VI),16 and cell structure
preservation index (CPI)17 are commonly used to evaluate
coal-forming plants, swamp medium conditions, and sedimen-
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tary environment during peat accumulation. Transport index
(TI)18 and the ratio of vitrinite to inertinite (V/I)19 are also used
to reflect the strength of swamp hydrodynamic conditions and
the sedimentary environment in the process of coal formation.
Li et al.20 found that the coal reservoirs formed in the wet forest
swamp have the best pore-fracture structures, accompanied with
relatively high Langmuir volume and Langmuir pressure. This is
basically consistent with the research results of Hou et al.21 The
coal rank, one of the main factors controlling the pore structure,
of different synclines in eastern Yunnan and western Guizhou
varies greatly. Li et al.20 only considered the influence of coal
facies on the pore structure, resulting in a lack of systematic
understanding of the influencing factors of the pore structure.
According to the pore diameter classification method of
Hodot22 and Yao et al.,23,24 the pores or fractures are divided
into five types in this paper, that is, microfractures (>10,000
nm), macropores (1000−10,000 nm), mesopores (100−1000
nm), transition pores (10−100 nm), and micropores (<10 nm).
Macropores and mesopores belong to seepage pores, while
transition pores and micropores belong to adsorption pores. Gas
transport is via laminar flow or turbulent flow in the seepage
pores and via capillary condensation, physical adsorption, and
diffusion in the adsorption pores.22−24 Coal exhibits a complex
pore structure, which is difficult to describe with traditional
Euclidean geometry, while fractal theory can effectively
characterize the complex characteristics of the coal pore
structure.2 As the concept of fractals was first proposed by
Mandelbrot,25 it has been gradually used to characterize shapes
and phenomena with self-similarity but no characteristic length
in nature and has become a powerful tool to quantitatively
describe irregular shapes.26 Based on the data of mercury
intrusion porosimetry (MIP), low-temperature N2 adsorption/
desorption (LT-N2GA), low-temperature CO2 adsorption (LT-
CO2GA), and low-field nuclear magnetic resonance (NMR), the
fractal formulas of different test methods were proposed.5,27−31
In general, the fractal dimension of the pore structure of coal is
between 2 and 3. The larger the fractal dimension is, the more
complex the pore structure is and the rougher the surface
is.5,31,32
There are two basic types of effective pores in coal: semi-
closed pores and open pores. Semi-closed pore is the pore type
with one end closed and one end open (Figure 1a), while open
pore is the pore type with two ends open (Figure 1b). According
to the characteristics of the “hysteresis loop” formed by the
mercury injection/mercury ejection curve and the LT-N2GA
curve, the connectivity and basic morphology of the pores can be
preliminarily evaluated. Open pores have distinct hysteresis loop
characteristics. The larger the hysteresis loop is, the larger the
volume of the open pores is and the better the connectivity
is.32−34 The semi-closed pores do not have the characteristics of
a hysteresis loop, but there is a notable exceptionthe ink bottle
pore (or thin neck bottle pore) (Figure 1c), which can also form
distinct hysteresis loop characteristics due to the difference
between the mercury injection/mercury ejection pressure and
the adsorption/desorption pressure of the bottle neck and the
bottle cavity.33−35 Chen et al.36 proposed a hysteresis coefficient
to characterize the number of open pores according to the
hysteresis characteristics of LT-N2GA. Based on previous
studies, Zhang et al.2 introduced the modified hysteresis
coefficient and calculated the hysteresis coefficient of MIP and
LT-N2GA, respectively. However, their research is limited to the
calculation of the hysteresis coefficient under a single pressure
value, which cannot quantitatively characterize the entire area of
the hysteresis loop, and the compression effect of the mercury
injection pressure on the coal matrix has not been considered in
the calculation of the MIP hysteresis coefficient.27,37,38 The data
obtained do not effectively reflect the volume of open pores in
coal.
In this paper, 20 coal samples were collected from eastern
Yunnan and western Guizhou. Using the vitrinite reflectance,
proximate analysis, maceral analysis, and LT-N2GA test data, we
summarize the control effects of coal rank and coal facies on the
pore structure of the coalbed, expound the hysteresis effect of
low-temperature liquid nitrogen desorption, and develop the
quantitative characterization method of open pore content in
coal. These results provide the basis for efficient development of
CBM.
2. GEOLOGICAL BACKGROUND
Eastern Yunnan and western Guizhou are located in the
southwest of China, mainly including Enhong syncline (EH),
Laochang syncline (LC), Tucheng syncline (TC), Panguan
syncline (PG), Faer syncline (FE), Bide syncline (BD),
Dahebian syncline (DHB), Agong syncline (Ag), and Zhuzang
syncline (ZZ) (Figure 2), with an area of about 2.58 × 104 km2,
and the geological resources of CBM are 2.2 to 2.75× 1012 m3.13
The main coal-bearing strata in eastern Yunnan and western
Guizhou are formed in the Late Permian. The coal-bearing strata
of Xuanwei formation in the eastern Yunnan are mainly
continental facies clastic rock sedimentation, and the part is
the coastal transitional facies sedimentation. The delta plain
sedimentary environment, the meandering river alluvial plain
sedimentary environment, as well as braided river delta
sedimentary environment are located in the upper, middle,
and lower part of Xuanwei formation, respectively.39,40 The
sedimentary facies of Changxing formation and the upper as well
as lower part of Longtan formation in western Guizhou are
lagoon tidal flat facies, delta front facies, and lagoon tidal flat
facies, respectively.2 The thickness of the stratum is 27.19−
279.69 m, mostly 100−270 m. Twenty five−sixty coal seams are
generally contained in the coal-bearing strata, with a cumulative
thickness of 13−27 m. Eight−fifteen coal seams are minable,
with a cumulative thickness of 8−15 m.41 The main coal-bearing
strata in western Guizhou are Longtan formation and Changxing
formation. The provenance is mainly terrigenous clastic, but the
clastic is relatively fine and quartz content is high. From west to
east, continental facies andmarine-continental transitional facies
sedimentation are developed successively. The thickness of the
stratum is 220−460 m, including 14−58 coal seams, with a
cumulative thickness of 14.8−46.2 m. The minable coal seams
are 2−24 coal seams, with a cumulative thickness of 3.0−29.8
m.42
The coal rank in eastern Yunnan and western Guizhou is
relatively abundant, with development from gas coal to
Figure 1. Pore morphology type, (a) semi closed pores, (b) open pores,
and (c) ink bottle pore and thin neck bottle pore.
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Figure 2. Coal-bearing stratum histogram and sampling location in the study area.
Table 1. Basic Information of Coal Samplesa
sampling location proximate analysis/%
sample no. syncline mine seam macroscopic coal rock structure Mad Aad Vad Ro,max/% rank
1 LC SB 7 + 8# semi-bright, primary structure 1.26 4.76 7.04 2.32 high
2 HF 13# semi-bright, primary structure 1.32 20.97 6.57 2.09 high
3 XB 3# semi-bright, primary structure 0.97 17.99 8.19 2.15 high
4 EH TJ 8# semi-dull, primary structure 0.38 38.98 15.56 1.20 medium
5 HW 5# semi-dull, primary structure 0.70 11.85 21.20 1.22 medium
6 TC TC 12 + 15# semi-dull, primary structure 0.59 10.26 33.31 1.00 medium
7 SH 12# semi-bright, primary structure 0.54 13.05 20.94 1.35 medium
8 SH 15# semi-dull, primary structure 0.51 9.77 20.47 1.36 medium
9 PG JJ 9# semi-bright, primary structure 0.62 7.95 10.13 2.08 high
10 YLT 18−1# semi-dull, primary structure 0.74 15.59 24.70 1.08 medium
11 FE FE 7 + 10# semi-dull, primary structure 0.36 25.12 19.96 1.40 medium
12 DG 1# semi-dull, primary structure 0.42 26.70 17.32 1.62 medium
13 BD CY 5# semi-bright, primary structure 0.48 28.28 20.07 1.52 medium
14 HY 5# semi-bright, primary structure 0.62 9.00 13.55 1.83 medium
15 DHB NLZ 1# semi-bright, primary structure 0.58 22.99 15.78 1.43 medium
16 DH 601# semi-dull, primary structure 2.48 12.45 32.20 0.74 medium
17 AG WJB 6 + 7# semi-bright, primary structure 1.01 23.14 7.29 2.35 high
18 ZZ FHS 15 + 17# bright, primary structure 1.48 19.98 6.24 2.90 high
19 HSHF 23# bright, primary structure 1.23 13.30 6.80 3.38 high
20 HYJ 16# semi-bright, primary structure 1.45 16.80 6.81 2.84 high
aMad, moisture, air-dried basis; Aad, ash yield, air-dried basis; Vad, volatile, air-dried basis; LC, Laochang syncline; EH, Enhong syncline; TC,
Tucheng syncline; PG, Panguan syncline; FE, Faer syncline; BD, Bide syncline; DHB, Dahebian syncline; AG, Agong syncline; ZZ, Zhuzang
syncline.
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anthracite, but the coal rank is unevenly distributed and varies
widely. According to the data of coalfield drilling, it is found that
the content of vitrinite is 50.3−97.8%, inertinite 1.0−41.1%, and
trivial exinite. The main mineral content is clay mineral, and the
second is oxide mineral.41 In the late Permian coal of western
Guizhou, the content of vitrinite is 49.5−94%, inertinite 5.99−
49.8%, and trivial exinite. The mineral content is mainly clay
minerals and quartz, followed by pyrite and carbonate
minerals.42 The study area has experienced three fold move-
ments in Indochina, Yanshan, and Himalaya, respectively. The
Yanshan movement has the strongest influence, which has
controlled the preservation degree and storage state of coal
bearing strata.43 Overall, the geological characteristics of eastern
Yunnan andwestern Guizhou include abundant CBM resources,
multiple and thin coal seams, high stress, and large variation of
coal rank.8,9,44,45
3. SAMPLE COLLECTION AND TEST ANALYSIS
METHOD
3.1. Sample Collection and Pretreatment. Twenty
samples (Figure 2, Table 1) were collected from 19 coal
mines in eastern Yunnan and western Guizhou. After careful
packaging on site, they were sent to the laboratory for relevant
tests. Prior to industrial analysis test, coal samples were crushed,
mixed, and split in proportion by machinery, and then screened
to obtain the samples with particle size less than 0.2 mm. After
drying for 1 h at 40 °C in air, these samples were put into a tight
container for standby when they reached the state of air-dried
quality.46 Before the analysis of vitrinite reflectance and maceral
of coal, it is necessary to prepare polished grain mount. First, the
samples were repeatedly sieved and crushed until they
completely passed the test sieve with mesh diameter of 1 mm.
Then, 100−200 g of air-dried samples with particle size less than
1 mm were split to 10−20 g samples for standby by coning and
quartering method. The volume ratio of the coal sample and
binder was 2:1. A briquette was formed by heating and pressing.
Finally, one end face of the coal brick was ground and polished
into a polished grain mount.47
3.2. Analytical Test Method. Proximate analysis test was
performed according to the international standards ISO
11722:1999,48 ISO 1171:1997,49 and ISO 562:1998.50 Vitrinite
reflectance (Ro,max) and coal maceral (500 points) were analyzed
by a Leitz MPV-3 microphotometer on the polished surface of
the polished grain mount.51−53
LT-N2GA was tested using an Autosorb IQ full-automatic
specific surface and PSD analyzer according to the international
standard ISO 15901-2:2006.54 Briefly, the samples were
uniformly crushed and sieved. The samples (5−10 g) with
particle size of 40−60 mesh (0.28−0.45 mm) were dried at 105
°C for 8 h, then vacuumized for 4 h. After that, the low-
temperature N2 adsorption test was performed under low-
temperature conditions (77.3 K). The relative pressure during
the adsorption was 0.05−0.995, and the corresponding pore
diameter was 0.64−380.73 nm.
3.3. Data Processing Method. 3.3.1. Pore Diameter
Calculation. In the LT-N2GA tests, the pore radius can be
calculated according to the Kelvin formula35
γ φ= −r V
RT P P
2 cos
ln( / )k
m
0 (1)
where rk is the pore radius, m; γ is the surface tension of liquid
nitrogen, γ = 8.85 × 10−3 N/m; Vm is the molar volume of liquid
nitrogen, Vm = 34.65 × 10
−6 m3/mol; φ is the contact angle, φ =
0°;T is the Kelvin temperature,T = 77.3 K; R is the gas constant,
R = 8.315 J/(K·mol). By substituting the values of γ, Vm, φ, T,
andR into eq 1, the relationship between the pore diameterDk in
coal and the relative pressure can be obtained as follows
= −D
P P
1.9084
ln( / )k 0 (2)
where Dk is the pore diameter in coal tested by LT-N2GA, nm.
3.3.2. Characterization Method of Homogeneity Degree of
Pore Distribution. The porous media system of the coal
reservoir has different heterogeneity characteristics on different
scales. The fractal dimension can be effectively conducted to
describe the heterogeneous characteristics of coal. Compared
with the Brunauer−Emmett−Teller (BET) model and the
thermodynamic model, the Frenkel-Halsey-Hill (FHH) model
is proven to be the most effective method, which can accurately
calculate the fractal dimension of adsorption pores through the
data of gas isothermal adsorption.28,29,31 The FHH model is
calculated as follows
= +V C k P
P
ln ln ln 0
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where P is the equilibrium pressure, MPa; P0 is the saturation
pressure, MPa; V is the volume of the adsorbed gas at the
equilibrium pressure P, mL/g; C is constant; k is the slope of the
double logarithmic curve of ln V and ln[ln(P0/P)], and the
fractal dimension of the pore structure is D = k + 3.
3.3.3. Characterization Parameters of Desorption Hyste-
resis. In the adsorption process of low-temperature liquid
nitrogen, the adsorption isotherms have different adsorption
characteristics at relative pressures of 0−0.5 and 0.5−1. The
reason for the difference in adsorption characteristics is that the
main controlling factors are different at different adsorption
stages. At the relative pressure of 0−0.5, the adsorption
characteristic of coal is mainly controlled by van der Waals
force, while the adsorption characteristic of coal is mainly
manifested as capillary condensation at the relative pressure of
0.5−1.24 Tang et al.55 further divided the low-temperature N2
adsorption curve of coal into three regions, namely monolayer
adsorption, multilayer adsorption, and capillary condensation
(Figure 3). The results showed that the adsorption volume of
nitrogen molecules on the pore surface increased slowly due to
the effect of surface tension in the relatively low-pressure region
Figure 3. Schematic illustration of N2 molecules in the whole
adsorption process.
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1. In the relatively high-pressure region 2, nitrogen molecules
were adsorbed by van der Waals force in the pore space, and the
adsorption volume increased rapidly from single-layer adsorp-
tion to multilayer adsorption. In region 3, capillary condensation
resulted in a sharp increase in the adsorption volume. In this
paper, the adsorption curve shapes of coal samples are basically
the same as that obtained by Tang et al.,55 so we also use the
same classification standard.
The low-temperature N2 desorption process has a significant
hysteresis phenomenon compared with the adsorption process
caused by open pores and ink bottle pores, thus resulting in a
hysteresis loop (Figure 4). In this study, we describe
quantitatively the hysteresis characteristics of low-temperature
N2 desorption. The hysteresis coefficient of low-temperature N2
desorption is proposed. The area of the hysteresis loop is
calculated by the method of step-by-step integration. Based on
Tang et al.’s55 adsorption stage division and pore diameter
classification method, the hysteresis coefficient of low-temper-
ature N2 desorption is divided into five sections for integration
(Figure 4). When the relative pressure P/P0 is between 0.15 and
0.5, the corresponding pore diameter is 1.01−2.75 nm, which
belongs to the stage of monolayer adsorption. Therefore, S1
(0.15 < P/P0 < 0.5) is integrated separately. In the stage of
multilayer adsorption, when the relative pressure P/P0 is
between 0.5 and 0.8263, the corresponding pore diameter is
2.75−10 nm, belonging to micropores. While P/P0 is between
0.8263 and 0.95, the corresponding pore diameter is 10−37.21
nm, which belongs to transition pores. Therefore, the stage of
multilayer adsorption is divided into S2 (0.5 < P/P0 < 0.8263)
and S3 (0.8263 < P/P0 < 0.95) to integrate. In the stage of
capillary condensation, when P/P0 is between 0.95 and 0.9811,
the corresponding pore diameter is 37.21−100 nm, which
belongs to the transition pores. While P/P0 is between 0.9811
and 0.995, the corresponding pore diameter is 100−380.73 nm,
which belongs to themesopores. Therefore, the stage of capillary
condensation is divided into S4 (0.95 < P/P0 < 0.9811) and S5
(0.9811 < P/P0 < 0.995) to integrate. Both S4 and S5 belong to
the capillary condensation region. There are fewer data points in
S5, with only 2 data points, so they fit the equation together with
S4 (3 data points). The calculation formulas are as follows
∫= −S f x f x x( ( ) ( ))d1
0.15
0.5
12 11 (4)
∫= −S f x f x x( ( ) ( ))d2
0.5
0.8263
22 21 (5)
∫= −S f x f x x( ( ) ( ))d3
0.8263
0.95
32 31 (6)
∫= −S f x f x x( ( ) ( ))d4
0.95
0.9811
42 41 (7)
∫= −S f x f x x( ) ( ))d5
0.9811
0.995
42 41 (8)
where S1, S2, S3, S4, and S5 are hysteresis coefficients of relative
pressures of 0.15−0.5, 0.5−0.8263, 0.8263−0.95, 0.95−0.9811,
and 0.9811−0.995, respectively, mL/g; f11(x) and f12(x) are the
fitting functions of adsorption curve and desorption curve of S1,
mL/g; f 21(x) and f 22(x) are the fitting functions of adsorption
curve and desorption curve of S2, mL/g; f 31(x) and f 32(x) are the
fitting functions of adsorption curve and desorption curve of S3,
mL/g; f41(x) and f42(x) are the fitting functions of adsorption
curve and desorption curve of S4 and S5, mL/g.
3.3.4. Characterization Parameters of Coal Facies. In this
paper, GI and TPI are used to study the coal-forming plants,
swamp medium conditions, and sedimentary environments of
peat. GI refers to the ratio of gelified microcomponents to non-
gelified microcomponents in coal (eq 9), which is used to reflect
the water level variation characteristics of ancient peat swamp
and the gelation degree of plant remains. Greater the GI value,
higher the gelation degree and deeper the water in the swamp.15
TPI is the ratio of the macerals in coal showing the cell structure
to the macerals in which the cell structure is destroyed (eq 10).
The value of TPI not only reflects the natural fragmentation
degree of plant remains, but also reflects the intensity of
oxidative degradation. Higher the TPI value, better the
preservation of the plant structure, that is, weaker the
mechanical fragmentation and chemical degradation of the
plant remains in the swamp. In addition, TPI is also used as an
important indicator to measure the proportion of woody plants
in the original swamp.15
= +
+ +
GI
vitrinite macrinite
semifusinite fusinite inertodetrinite (9)
= + + +
+ +
TPI
telinite collotelinite semifusinite fusinite
collodetrinite macrinite inertodetrinite
(10)
4. RESULTS AND DISCUSSION
4.1. Conventional Coal Petrography Analysis. The test
results of moisture, ash, volatile matter, Ro,max, and macerals of
the coal samples from eastern Yunnan and western Guizhou are
shown in Tables 1 and 2. The results show that the ranges of
moisture content, ash yield, and volatile yield are 0.36−2.48,
4.76−38.98, and 6.24−33.31%, respectively. The range of
maximum vitrinite reflectance is 0.74−3.38%. According to
the ISO 11760:200556 classification standard, 8 coal samples are
high-rank coal, and 12 coal samples belong to medium-rank coal
(Table 1).
The ranges of vitrinite content (V), inertinite content (I),
exinite content (E), and mineral content (M) are 43.2−88.2,
7.7−41.7, 0.0−16.9, and 0.5−36.7%, respectively. Vitrinite is
dominated by collodetrinite (30.1−67.7%) (Figure 5a),
followed by collotelinite (4.9−34.8%) (Figure 5b) and telinite
(0.0−19.4%) (Figure 5c).The inertinite is mainly semifusinite
Figure 4. Calculation diagram of low-temperature N2 desorption
hysteresis coefficient of coal samples (take WJB coal sample as an
example).
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(2.6−23.8%) (Figure 5d), followed by fusinite (0.0−18.5%)
(Figure 5e) and inertodetrinite (0.5−9.3%) (Figure 5f). Except
for HW, TC, YLT, and DH coal samples, which contain a small
amount of exinite, other coal samples basically have no exinite
(Table 2).
4.2. LT-N2GA Pore Structure Characteristics. Based on
the classification method of Sing,57 the pore structure of 20 coal
samples in eastern Yunnan and western Guizhou is divided into
two types. Among them, 16 coal samples belong to the type A
pore structure, which are mainly composed of open pores, with
relatively small hysteresis loops, and the PSD curve shows a
“double-peak” structure (Figure 6a,b). The four coal samples are
the type B pore structure, which are mainly composed of ink
bottle pores (or narrow neck bottle pores), with large hysteresis
loops, and the PSD curve shows a “single peak” structure (Figure
6c,d). Open pores are favorable for CBM adsorption,
desorption, and seepage, whereas ink pores are beneficial for
CBM enrichment, but not for CBM seepage.2,31
As shown in Table 3, the Barrett-Joyner-Halenda (BJH) pore
volume (VBJH), BET SSA (SBET), and average pore diameter
(APD) of type A coal samples are 0.0008−0.0051 mL/g (avg.
0.0021), 0.131−0.739 m2/g (avg. 0.305), and 20.735−37.362
nm (avg. 28.748), respectively. What’s more, the TPVs of type A
coal samples are mainly composed of mesopores and transition
pores, while the SSAs are mainly composed of micropores. In
addition, the VBJH, SBET, and APD of type B coal samples are
0.0011−0.0023 mL/g (avg. 0.0018), 0.718−9.243 m2/g (avg.
4.809), and 4.240−13.495 nm (avg. 7.654 nm). Moreover, the
TPV of type B coal samples are mainly composed of micropores
and transition pores, while the SSA is mainly composed of
micropores. Compared with type A coal samples, type B coal
Figure 5. Photographs of different coal maceral, collodetrinite (a),
collotelinite (b), telinite (c), semifusinite (d), fusinite (e), and
inertodetrinite (f).
Figure 6. Low-temperature N2 adsorption/desorption curves (a,c) and PSD curves (b,d) of 20 coal samples.
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samples possess the characteristics of smaller TPV, smaller APD,
and larger SSA.
In order to further analyze the pore structures of two types of
coal samples, the fractal dimensions of 20 coal samples are
Figure 7. Scatter diagram of low-temperature N2 fractal of type A coal samples (a) and type B coal samples (b).
Figure 8. Relationship between Ro,max and D1 (a) and D2 (b).
Table 4. Calculation Results of Hysteresis Coefficient Based on LT-N2GA
a
hysteresis coefficient/mL/g hysteresis coefficient ratio/%
sample no. S1 S2 S3 S4 S5 H1 H2 H3 Ht H1/Ht H2/Ht H3/Ht
1 0.0398 0.0718 0.0389 0.0105 0.0030 0.1116 0.0494 0.0030 0.1640 68.06 30.12 1.82
2 0.0905 0.1567 0.0574 0.0104 0.0021 0.2473 0.0678 0.0021 0.3172 77.95 21.38 0.67
3 0.0064 0.0229 0.0099 0.0034 0.0016 0.0294 0.0133 0.0016 0.0443 66.23 30.09 3.68
4 0.0452 0.1188 0.0571 0.0118 0.0030 0.1640 0.0689 0.0030 0.2359 69.53 29.22 1.25
5 0.0096 0.0245 0.0097 0.0030 0.0017 0.0341 0.0128 0.0017 0.0485 70.20 26.32 3.48
6 0.0114 0.0395 0.0179 0.0043 0.0017 0.0509 0.0222 0.0017 0.0748 67.99 29.70 2.31
7 0.0031 0.0161 0.0112 0.0036 0.0017 0.0192 0.0148 0.0017 0.0357 53.81 41.56 4.63
8 0.0064 0.0152 0.0116 0.0049 0.0029 0.0216 0.0165 0.0029 0.0411 52.65 40.23 7.12
9 0.0084 0.0146 0.0095 0.0022 0.0009 0.0230 0.0116 0.0009 0.0355 64.73 32.75 2.52
10 0.0102 0.0463 0.0273 0.0110 0.0064 0.0565 0.0383 0.0064 0.1012 55.85 37.84 6.31
11 0.0059 0.0096 0.0098 0.0048 0.0035 0.0155 0.0147 0.0035 0.0336 46.00 43.60 10.40
12 0.0314 0.0526 0.0234 0.0063 0.0027 0.0840 0.0297 0.0027 0.1164 72.18 25.54 2.28
13 0.0058 0.0260 0.0156 0.0059 0.0023 0.0318 0.0215 0.0023 0.0556 57.16 38.67 4.17
14 0.0144 0.0293 0.0158 0.0041 0.0015 0.0437 0.0199 0.0015 0.0651 67.17 30.50 2.33
15 0.0088 0.0215 0.0126 0.0058 0.0039 0.0302 0.0184 0.0039 0.0525 57.51 35.01 7.48
16 0.0042 0.0120 0.0090 0.0018 0.0015 0.0162 0.0108 0.0015 0.0284 56.79 38.01 5.20
17 0.0328 0.0796 0.0431 0.0103 0.0025 0.1124 0.0534 0.0025 0.1683 66.77 31.73 1.50
18 0.2092 0.1935 0.0601 0.0096 0.0014 0.4026 0.0697 0.0014 0.4737 84.98 14.72 0.30
19 1.0422 0.6004 0.1378 0.0215 0.0036 1.6426 0.1593 0.0036 1.8055 90.98 8.82 0.20
20 0.7057 0.4929 0.1174 0.0163 0.0030 1.1986 0.1337 0.0030 1.3353 89.76 10.01 0.23
aH1, micropores hysteresis coefficient (1.01−10 nm), H1 = S1 + S2; H2, transitional pores hysteresis coefficient (10−100 nm), H2 = S3 + S4; H3,
mesopores hysteresis coefficient (100−380.73 nm), H3 = S5; Ht, total hysteresis coefficient (1.01−380.73 nm), Ht = S1 + S2 + S3 + S4 + S5.
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calculated according to the FHH fractal model (eq 3).
Numerous studies have provided evidence that when calculating
the fractal dimension of low-temperature N2 of coal, there is an
obvious turning point at the relative pressure of 0.5, and then the
fractal dimension is divided into two parts.2,24,31 In our study,
the fractal dimension of coal samples is also calculated by this
method (Figure 7). The results show that the fractal dimensions
D1 and D2 of type A coal samples are 2.3921−2.8074 (avg.
2.5947) and 2.4095−2.5576 (avg. 2.4685), and the fractal
dimensionsD1 andD2 of type B coal samples are 2.1448−2.6349
(avg. 2.4307) and 2.6138−2.8800 (avg. 2.7699), respectively
(Table 3). Type A coal samples have a more complex pore
structure in the relatively low-pressure stage (P/P0 < 0.5), while
type B coal samples have a more complex pore structure in the
relatively high-pressure stage (P/P0 > 0.5). With the increase of
coal rank, the compaction degree of coal continues to increase,
and part of the seepage pores are transformed into adsorption
pores. At the same time, hydrocarbon generation generates a
large number of gas pores, which gradually increase the content
of adsorption pores in coal.58 This is the reason why the type A
coal sample has a larger fractal dimension in the low-relative-
pressure stage and a smaller fractal dimension in the high-
relative-pressure stage (Figure 8). The metamorphism and
polycondensation under high temperature and pressure lead to
the decrease of adsorption pores and the formation of shrinkage
cracks.58 This is the reason why the type B coal sample has a
smaller fractal dimension in the low-relative-pressure stage and a
larger fractal dimension in the high-relative-pressure stage
(Figure 8).
4.3. Hysteresis Characteristics of Low-Temperature N2
Desorption. Based on eqs 4−8, the low-temperature N2
desorption total hysteresis coefficients (Ht) of 20 coal samples
are calculated using Matlab software. The results show that the
Ht values of type A coal samples are 0.0284−0.2359 mL/g (avg.
0.0813), among which the contents of micropores, transition
pores, and mesopores are 46−72.18% (avg. 62.04), 25.54−
43.6% (avg. 33.81), and 1.25−10.4% (avg. 4.15), respectively.
However, the Ht values of type B coal samples are 0.3172−
1.8055 mL/g (avg. 0.9829), and the contents of micropores,
transition pores, and mesopores are 77.96−90.98% (avg. 85.92),
8.82−21.38% (avg. 13.73), and 0.20−0.67% (avg. 0.35),
respectively (Table 4). The hysteresis coefficients of the two
types of coal samples gradually increase with the decrease of the
pore diameter and the micropores dominate (Figure 9).
The hysteretic phenomenon of low-temperature N2 desorp-
tion in type A coal samples is mainly caused by the open pores.
Herein, the hysteresis coefficient of the TJ (Tuanjie) sample is
the largest, followed by the SB (Sebu) and WJB (Wenjiaba)
samples, indicating that the volume of open pores in the TJ
sample is the largest, which is most conducive to the
development of CBM. The hysteretic phenomenon of low-
temperature N2 desorption in type B coal samples mainly results
from the ink bottle pores. Here, the hysteresis coefficient of the
HSHF (Huashanhongfa) sample is the largest, followed by the
HYJ (Hongyanjiao) and FHS (Fenghuangshan) samples,
indicating that the volume of ink bottle pores in the HSHF
sample is the largest (Figure 9). Compared with open pores, the
hysteretic phenomenon of low-temperature N2 desorption of
the ink bottle pores is more significant. Ink bottle pores have
Figure 9. Hysteresis coefficient histogram of different coal samples.
Figure 10. Relationship between D1 and S1 (a) and D2 and (S2 + S3 + S4 + S5) (b).
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stronger adsorption capacity but are not conducive to the
desorption and seepage of CBM, which brings challenges to the
efficient development of CBM. Let us further discuss the
relationship between the hysteresis coefficient and the fractal
dimension. In the low-relative-pressure stage, the area of
hysteresis loop decreases with the increase of fractal dimension
(Figure 10a). In the high-relative-pressure stage, the area of
hysteresis loop increases with the increase of fractal dimension
(Figure 10b). The results show that in the low-relative-pressure
stage, the more complex the pore structure is, the less obvious
the phenomenon of desorption hysteresis is. In the stage of high-
relative-pressure, the more complex the pore structure is, the
more evident the phenomenon of desorption hysteresis is.
4.4. Coal Facies Characteristics. Based on eqs 9 and 10, GI
and TPI values of 20 coal samples were calculated. The TPI-GI
facies diagram is obtained by projection points of the 20 coal
samples. As evidenced in Figure 11, TPI value of most coal
samples is less than unity, which reflects that herbaceous plants
have absolute advantage in coal-forming plants in the eastern
Yunnan and western Guizhou. The 20 coal samples are located
in three different coal facies areas (Figure 11), and the
characteristics of the three coal facies types are as follows:
(1) Low-level swamp (reed) facies A. TPI value is less than
unity, and GI value is greater than 5. Five coal samples are
located in this coal facies. The peat swamp environment
represented by the coal facies is a low-level swamp
dominated by herbaceous plants, with deep water
overlying and relatively strong reducibility of the
environment, which is conducive to gelation. Strong
reduction results in high content of vitrinite in the coal
macerals. As presented in Tables 2 and 3,VBJH, SBET, APD,
D1, and D2 of facies A samples are 0.0023−0.0028 mL/g
(avg. 0.0026), 0.495−8.167 m2/g (avg. 4.331), 4.24−
23.619 nm (avg. 13.929), 2.372−2.6358 (avg. 2.5039),
and 2.503−2.8753 (avg. 2.6892), respectively.
(2) Wetland herbaceous swamp facies C. TPI value is less
than unity, and GI value is less than 5. Thirteen coal
samples are located in this coal facies. The peat swamp
environment represented by the coal facies is a wetland
herbaceous swamp dominated by herbaceous plants. The
overlying water is relatively shallow, and the conditions of
weak reduction and even oxidation are favorable for
oxidation. Compared with low-level swamp facies, the
content of vitrinite in the coal macerals is relatively low.
The VBJH, SBET, APD, D1, and D2 of facies C samples are
0.0011−0.0025 mL/g (avg. 0.0018), 0.191−9.243 m2/g
(avg. 2.32), 4.327−31.744 nm (avg. 17.384), 2.1448−
2.8074 (avg. 2.5819), and 2.4095−2.88 (avg. 2.6076)
(Tables 2 and 3), respectively.
(3) Wet forest swamp facies D-1. TPI value is greater than
unity, and GI value is between 1 and 5. Two samples are
located in this coal facies. The peat swamp environment
represented by coal facies is a wet forest swamp
dominated by woody plants. The overlying water is
relatively shallow, and the environment has strong
oxidation. Strong oxidation and dehydrogenation and
deoxidation lead to high content of inertinite in the coal
macerals. The VBJH, SBET, APD, D1, and D2 of facies D-1
samples are 0.0008−0.0051 mL/g (avg. 0.0020), 0.131−
0.739 m2/g (avg. 0.297), 20.735−37.362 nm (avg.
28.908), 2.3921−2.7508 (avg. 2.5631), and 2.4163−
2.5576 (avg. 2.4738) (Tables 2 and 3), respectively.
Further analysis demonstrates that the TPI and GI data of the
type B coal samples show a negative logarithmic relationship
with a high correlation (R2 = 0.9987) (Figure 11), indicating
that this trend line may be used as a basis for identifying ink
bottle pores. The trend line spans three coal facies such as low-
level swamp facies, shallow water-covered forest swamp facies,
and wet forest swamp facies, indicating the complexity of coal-
forming environment and the diversity of coal-forming plants in
type B coal samples.
4.5. Geological Control Factors. In order to study the
comprehensive influence of coal facies and coal rank on the pore
structure, the R-type cluster analysis module of SPSS software is
used to assay Ro,max, GI, TPI, V, I, VBJH, SBET, andHt. The cluster
results of type A coal samples can be divided into three
categories (Figure 12). The first cluster shows that Ht and SBET
are closely related to VBJH. TPV and SSA of open pores were
incremental with the increase of the TPV of coal. In the second
cluster, inertinite and TPI have a good correlation because the
inertinite is mainly composed of fusinite and semifusinite (Table
2), which are the main parameters to calculate TPI. In the third
cluster, vitrinite and Ro,max are closely correlated with GI. The
larger GI value testifies for the deeper water depth of the swamp
and the relatively stronger reducibility of the sedimentary
Figure 11. Identification chart of coal facies categories of different coal
samples.
Figure 12. R-type cluster analysis of the pore structure of type A coal
samples.
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environment, which is conducive to gelation. Strong reduction is
responsible for high content of vitrinite in coal macerals.15 In
addition, with the increase of coal rank, the vitrinite increases,
while the inertinite decreases.14 Here, Ro,max and GI also show a
positive correlation. Further analysis shows that VBJH is strongly
correlated with TPI (Figure 13a), while the correlation with
Ro,max and GI is small (Figure 13b,c), thus indicating that TPI is
the main controlling factor for the pore structure of type A coal
samples (Figure 13).
The cluster results of type B coal samples can also be divided
into three categories with small cluster coefficient, indicating
that the correlation between the cluster indexes of type B coal
samples is stronger (Figure 14). The first cluster shows that VBJH
and inertinite have a good correlation with TPI. According to
the analysis, TPV of type B coal samples is mainly made up of
micropores and transition pores (Table 3). It is reported that
telinite and collotelinite in TPI calculation parameters have
great potential to produce micropores and transition pores.1
Moreover the inertinite of type B coal samples is mainly
composed of fusinite and semifusinite (Table 2). In the second
cluster, the Ht and Ro,max are closely related to the SBET,
indicating that the low-temperature N2 desorption hysteresis
phenomenon of type B coal samples has an important
relationship with the SSA. In addition, with the increase of
coal rank, the SSA of coal gradually increases,14 and the
adsorption capacity increases. In the third cluster, GI is closely
correlated with vitrinite. The larger the GI value, deeper the
water depth of the swamp and relatively stronger the reducibility
of the sedimentary environment, which is conducive to gelation.
The strong reduction results in high content of vitrinite in the
coal macerals.15
5. CONCLUSIONS
(1) According to the hysteresis loop characteristics of the LT-
N2GA curves of coal, the pore types of 20 coal samples in
the eastern Yunnan and western Guizhou can be divided
into two types. Type A coal samples mainly contain open
pores, and type B coal samples are rich in ink bottle pores.
We found that type B coal samples have the characteristics
of smaller TPV, smaller APD, and larger SSA.
(2) The hysteresis coefficient was, for the first time, proposed
to characterize the hysteresis loop area of coal generated
by LT-N2GA. In type A coal samples, the TJ coal sample
has the largest hysteresis coefficient and open pore
Figure 13. Relationship between VBJH and TPI (a), GI (b), Ro,max (c), and SBET (d).
Figure 14. R-type cluster analysis of the pore structure of type B coal
samples.
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volume, which is most conducive to the development of
CBM. However, the hysteresis coefficient and ink bottle
pore volume of the HSHF sample is the largest, which is
beneficial to the adsorption of CBM.
(3) Through the TPI-GI facies diagram casting of 20 coal
samples, it is found that these samples are located in three
different coal facies regions. The TPI and GI data of type
B coal samples show a good negative logarithmic
relationship, and the fitting curve can also be used as a
basis for identifying ink bottle pores.
(4) The Ro,max, GI, TPI, V, I, VBJH, SBET, and Ht can be
clustered using the R-type cluster analysis method. TPI is
themain controlling factors of the pore structure of type A
coal samples, while the pore structure of type B coal
samples are jointly controlled by TPI and coal rank. The
open pore volume is closely related to TPV, while the ink
bottle pores volume is mainly correlated with SSA.
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